Bacteria usually live in complex environments, sharing niche and resources with other bacterial species, unicellular eukaryotic cells or complex organisms. Thus, they have evolved mechanisms to communicate, to compete and to adapt to changing environment as diverse as human tissues, animals or plants. Understanding the molecular mechanisms underlying these adaptation processes is therefore of primary importance for epidemiology and human health protection, and was the focus of a Current Trends in Biomedicine workshop organized by the International University of Andalucia in late October 2015 in Baeza (Spain). The topic was covered by complementary sessions: (i) interbacterial communication and competition that enable a better access to nutrients or a more efficient colonization of the ecological niche, (ii) adaptation of intracellular pathogens to their host, focusing on metabolic pathways, adaptive mechanisms and populational heterogeneity, and (iii) adaptation of animal and plant pathogens as well as plant-associated bacteria to a plant niche. This workshop emphasized the broad repertoire of mechanisms and factors bacteria have evolved to become efficient pathogens.
Introduction
Bacterial adaptation to its environment, considering the environment in its broad sense as every niche in which bacteria have to survive, is a complex issue of undisputed relevance for fields such as ecology, biotechnology, crop protection and biomedicine. While this topic has been underestimated for decades, it is now evident that bacteria have evolved a vast diversity of mechanisms to adapt quickly to new environments and new conditions. These mechanisms are critical for colonization, access to nutrients, and in the case of bacterial pathogens, for the efficiency of the infection process. Interestingly, recent reports have highlighted how bacteria use common molecular mechanisms to achieve adaptation in different environments and toward different ends. [1] [2] [3] [4] Usually, environments are very complex and bacteria have to cope within multi-species microbiota and consortia. Therefore these studies also emphasized how the analysis of adaptive mechanisms to any given environment became fastidious when the microbiota has also to be taken into account. This additional complexity springs from 2 fundamental aspects: communication and competition between neighboring bacteria, and sensing, signaling and providing the adequate regulatory response to the presence of other bacteria or host cells. [4] [5] [6] [7] [8] The study of the evolution of the molecular traits involved in all these bacterial processes has evidenced the impact of horizontal gene transfer (HGT) as a major event for the acquisition of new functions in bacteria. 9 It also revealed how stress conditions such as those encountered when facing host defenses, antibiotic pressure and other environmental cues promote events leading to decision making, HGT or to bacterial warfare. Thus, understanding different seemingly specific molecular mechanisms involved in interacting with a given environment is relevant to understand any adaptation process. Interestingly, studying bacterial adaptation to fluctuating environments also revealed the phenotypic heterogeneity of the population, and how the diversity between individuals of the same species allow a rapid adaptation and how adapted clones emerge and maintain. 3, 10 The diversity and the complexity of these issues led us to gather different scientific communities to address a central and The first session dealt with bacterium-bacterium interactions as bacteria do not live alone but rather in complex communities. When thriving in their environment, bacteria have to cope with many other species and must therefore collaborate or compete to access nutrients or to colonize more efficiently the ecological niche. There is also a need to discriminate between siblings and real competitors. The talks covering this session contributed to a better understanding of the molecular mechanisms leading to the adaptive dynamics of a bacterial population and the mutualistic and competitive behaviors between bacterial species. Interspecies interactions could be synergistic. Several mechanisms have evolved for bacterial communication and collaboration, relying on complex regulatory networks, the production of aggregative substances and the transfer or exchange of material between cells (Fig. 2) . These mechanisms, such as quorum sensing, biofilm formation or metabolic cooperation, lead to the development of beneficial traits for the community and explain long-term persistence of bacterial strains in the environment or in complex niches such as the human body.
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The session began with the presentation of Søren Molin (Technical University of Copenhagen, Danemark). Molin and co-workers investigated the evolutionarily diversity and adaptative dynamics of Pseudomonas aeruginosa by sequencing 700 genomes from hospital isolates covering a 40-year period. He described how P. aeruginosa evolved to adapt to and invade the human airways. They found 52 patho-adaptation mutations affecting transcriptional regulators, antibiotic resistance traits and cell wall and lipopolysaccharides components, allowing the conversion from na€ ıve to adapted strains. The most adapted clone could then be transmitted from patient- to-patient. 12 Maite Echeverz (Agrobiotechnology Institute, Public University of Navarra, Spain), a young researcher from the group of Iñigo Lasa presented a short-talk on the special traits that cellulose and the b-1,6-linked N-acetylglucosamine exopolysaccharides confer to bacterial biofilm. She further showed how these exopolysaccharides influence biofilm resistance to various stresses and virulence. Finally, Carolina Palancia-G andara (University of Cantabria, Santander, Spain), a young researcher from the group of Fernando de la Cruz, introduced how bacteria exchange genetic material via conjugation. She convinced us that plasmid transfer is the main mechanism for dissemination of antibiotic resistance genes and that there is a need for developing conjugation inhibitors. She provided evidence that natural and synthetic unsaturated fatty acids such as linoleic, 2-hexadecynoic and tanzawaic acids are potent inhibitors of various plasmid transfer systems. 13, 14 The second part of this session was dedicated to bacterial competition. Bacteria often live in complex multispecies communities and have to compete for the limited resources. They are therefore subjected to antagonism behaviors, as recently evidenced by following how bacteria grow in mixed cultures. 15, 16 Although competition between bacterial species has been underestimated for decades it recently garnered attention with the discovery of dedicated mechanisms or machineries that create direct cell damages to the competitor or poison the competitor by the delivery of anti-bacterial toxins (Fig. 2) . However, bacterial competition does not only affect bacterial fate and multispecies communities, but also indirectly influences the pathogenesis outcome. The various mechanisms have been described in the 4 last talks of the session. David Low (University of Santa Barbara, CA, USA) gave a very dynamic presentation on the contact-dependent growth inhibition (CDI) mechanism. This relies on the delivery of anti-bacterial toxins, called CdiA, by a sub-family of Type V secretion, 2-partner secretion. 17 Although the mechanism on how these filamentous toxins are transported to the cell exterior of the attacker cell is well conserved, his talk emphasized the broad variability of strategies these toxins use to recognize target cells and to parasitize target cell components to reach their final destination. Particularly, he presented data that defined the molecular and structural determinants of CdiA binding to its receptor BamA, as well as a mutagenesis study to identify target cell components required for efficient CdiA translocation.
18, 19 The 3 last talks of the session were dedicated to the Type VI secretion system. This secretion apparatus is composed a bacteriophage-derived contractile tail used to propel an arrow-like structure that punctures the target cell and delivers toxin effectors. 20, 21 Eric Cascales (CNRS/AixMarseille Universit e, France) showed how this contractile apparatus is anchored to the cell envelope. Using a combination of genetic, biochemical, structural and fluorescence microscopy approaches, they defined the components and the architecture of this membrane complex. They showed that this complex is the first to be assembled and serves both as a docking station for the tail and as a channel for the passage of the arrow. He finally described the negative-stain electron microscopy structure of the 1.7-MDa membrane complex at 12-A resolution obtained in collaboration with R emi Fronzes's group. 22 Laura Nolan (Imperial College, London, UK), a post-doctoral researcher from the group of Alain Filloux, presented recent data using transposon-directed insertion sequencing to identify toxins delivered by the H1-T6SS from P. aeruginosa. Her approach was validated by the identification of known effectors and uncovered potential new toxins. S. Brook Peterson (University of Washington, Seattle, WA, USA), a research scientist from the group of Joseph Mougous, demonstrated how Type VImediated toxin delivery influences the composition of microbial communities. In collaboration with Andrew Goodman's group, she specifically showed that Bacteroidetes are equipped with a surprisingly high diversity of anti-bacterial toxins that are involved in maintaining the symbiotic relationship with the mammalian gut. 23 
Sessions 2 and 3: Adaptation of intracellular bacteria to their hosts
The second and third sessions of the workshop were dedicated to the description and the characterization of adaptive mechanisms of intracellular pathogens within their hosts. Deciphering such mechanisms used by these bacteria to cope with their stressful environments is a complex issue that requires a better understanding of the molecular basis of bacterial pathogenicity. Over the last 2 decades, massive efforts have been undertaken to reach a better knowledge of toxin production, quorum sensing and functions of secretion systems. More recently, a renewed interest in metabolism and adaptation inside the host has emerged, with an intensification of studies dealing with the characterization of non-dividing bacteria (Fig. 3) . These topics were tackled during these 2 sessions, highlighting several regulatory mechanisms and metabolic pathways used by bacteria during their intracellular life to succeed in their infectious process.
Session 2: Regulatory mechanisms of adaptation of intracellular bacteria
David Holden (Imperial College, London, UK) chaired the second session and gave the first presentation. He described the characterization of 2 effectors translocated by the Salmonella Pathogenicity Island 2 Type III secretion system (SPI-2 T3SS), SseF and SseG. Both proteins are located in the Salmonella-containing vacuole (SCV) membrane and interact with each other. 24 SseF and SseG were shown to mediate association of SCVs with the Golgi network within epithelial cells. A yeast 2-hybrid screen identified a host cell Golgi protein that interacts with both SseG and SseF. Depletion of the host protein prevented vacuoles-containing wild-type bacteria from interacting stably with the Golgi network. Finally, Holden and coworkers showed that SseFG complex formation could be abolished by random mutagenesis of SseG, and proposed a model that partly explains how SseF and SseG work together. The second presentation by Ren ee Tsolis (University of California Davis, USA) tackled the question on how the innate immune system senses a Type IV secretion system (T4SS) effector of Brucella abortus called VceC. B. abortus replicates in infected macrophages within an endoplasmic reticulum Figure 3 . Selected adaptive mechanisms used by bacterial pathogens to survive within their hosts. These mechanisms include secretion and delivery of effectors which interfere with the host cytoskeleton and immune signaling. pH-, iron-and oxygendependent bacterial sensors can be activated to modulate expression of their regulons, leading to gene expression reprogramming and favoring bacterial adaptation. Dedicated bacterial enzymes can be used (i) to metabolize nutrients and (ii) to reduce or oxidize metabolites present in the host environment, both reactions conferring to the pathogen, an advantage over the competing microbiota.
(ER)-associated compartment. Formation of this compartment require an active T4SS. T4SS-dependent transfer of VceC into macrophages perturbs the function of the endoplasmic reticulum and activates the host cell's unfolded protein response via the ER sensor IRE1, hence leading to the secretion of IL-6. This work suggested that the IRE1 pathway of ER stress sensing serves an innate immune function into the host cell that senses B. abortus infection. 25, 26 Next, Josep Casades us (Sevilla University, Spain) presented 2 examples of non-mutational preadaptations. He began by describing a random preadaptation mechanism -Salmonella exposure to bile -that triggers the RpoS-dependent general stress response and increases bile resistance. RpoS expression permits survival of certain cells in the presence of bile, and a positive feedback loop sustains or even amplifies the RpoS response, giving rise to a bile-resistant population. 27 Casades us' second example dealt with programmed preadaptation. The S. enterica opvAB operon encodes 2 cytoplasmic membrane proteins that alter lipopolysaccharide O-antigen chain length and confers resistance to bacteriophages that use the O-antigen as receptor. Because expression of opvAB undergoes phase variation, S. enterica populations contain a mixture of opvAB ON and opvAB OFF cells. Infection of Salmonella with a virulent phage kills the opvAB OFF subpopulation and selects the opvAB ON subpopulation, preadapting these bacteria to survive phage challenge in a reversible manner. 28 Next, Olivier Esp eli (Coll ege de France, Paris, France) gave a talk dedicated to the adaptation of the adherentinvasive E. coli LF82 strain inside mature phagolysosomes. This strain has been isolated from a Crohn's disease patient and has the ability to invade epithelial cells and to proliferate within macrophages. Interestingly, LF82 does not detoxify its environment and therefore induces many bacterial stress responses. As a consequence of this challenging environment, a small subset of bacteria retains the capacity to replicate while others either form non replicating persisters or are killed. This session was closed by Francisco Garc ıa-del Portillo (CSIC Madrid, Spain) who detailed a suicide strategy involving accumulation of endomembranes to control Salmonella proliferation inside the fibroblast, a cell type in which the pathogen establishes a long lasting persistent infection. 29 His presentation illustrated how an intracellular pathogen can communicate to the host triggering defenses from inside the infected cell to mount "a suicide program."
Session 3: Metabolism of intracellular bacteria
The third session started with a talk from David Russell (Cornell University, USA) who aimed to understand how the host environment shapes the physiology of Mycobacterium tuberculosis (Mtb). By conducting an extensive, unbiased chemical screen to identify small molecules that inhibit Mtb metabolism within macrophages, Russell and co-workers identified a significant number of novel compounds that limit Mtb growth in macrophages and in medium containing cholesterol as the major carbon source. Based on this observation, they developed a chemical-rescue strategy to identify compounds that target metabolic enzymes involved in cholesterol metabolism. These chemical probes represent new classes of inhibitors that target metabolic pathways required to support growth of Mtb in its host cell. 30 In addition, studies into the mode of action of existing frontline drugs on intracellular Mtb revealed how hostderived stresses contribute to the rise of a drug tolerant phenotype. This does however represent an opportunity for the identification of synergistic inhibitors that could ameliorate existing drug therapies. Next, Laurent Aussel (Aix-Marseille Universit e, France) showed how Salmonella enterica modulates its pathogenesis in response to iron and oxygen availability in the environment. The ISC machinery, involved in iron-sulfur [Fe-S] protein biogenesis, was demonstrated to play a central role in Salmonella virulence through the ability of IscR -a transcriptional regulator carrying a [2Fe-2S] cluster -to downregulate SPI-1 T3SS gene expression. Iron starvation and oxidative stress being detrimental for [Fe-S] enzyme biogenesis, a balance occurs between IscR apoform (clusterless) and its holo-form. This model represents a novel adaptive mechanism used by Salmonella to favor its infectivity in the gut, where oxygen is rare and iron abundant, whereas SPI-1 T3SS would be repressed in macrophages to reduce energetic expenses. The following presentation was given by Andreas B€ aumler (University of California Davis, USA) and began by an overview of the general metabolic pathways used by Salmonella in the gut. Previous works from his lab showed that inflammation-derived nutrients available in this new niche support a bloom of Salmonella serovars in the gut lumen, ensuring transmission of the pathogen to the next susceptible host by the fecal-oral route. 31, 32 In his talk, B€ aumler showed that a set of 469 genes involved in the central anaerobic metabolism was degrading in genomes of Salmonella serovars exclusively associated with extraintestinal infections but remained intact in genomes of Salmonella serovars associated with human gastroenteritis. 31 This metabolic network identified by comparative genome analysis provides clues about the strategies for nutrient acquisition and utilization that are characteristic of gastrointestinal pathogens and conferring to Salmonella a "winning metabolic strategy" to edge out competing microbes in the inflamed intestine (Fig. 3) . The session was closed by Julie Viala (CNRS/ Aix-Marseille Universit e, France) who addressed the role of the acyl carrier protein-like IacP protein in Salmonella enterica. Its corresponding gene as well as those encoding the T3SS are all localized within the SPI-1 gene cluster. 33 Her work showed that the SPI-1 T3SS is posttranslationally modified according to a process that involves IacP, leading to the optimization of the poreforming activity of the machinery.
Sessions 4 and 5: Bacterial adaptation to the plant environment
The fourth and fifth sessions jointly focused on commonalities and differences between the bacterial adaptation mechanisms involved in distinct lifestyles within the host: pathogens, commensals and symbionts. Recent studies have shown how common bacterial mechanisms can differentially target host processes, rendering the interaction from mutually beneficial to pathogenic. Such differences, so relevant from the point of view of fighting pathogen infections, may prove highly important for the design of antimicrobial compounds and treatments. Currently, such complete comparison between different bacteria-host interactions can only be comprehensively addressed in a plant model, both for the comparatively simpler physiology of plants as hosts, and their potential for genetic analysis and modification. Thus, plants have become model systems for such studies, giving rise to a high number of molecular tools developed for the genetic characterization of the host processes involved in host adaptation, and for the plasticity they display for microbe interactions. Session four focused on the adaptation of plant and animal bacterial pathogens to the plant environment. This session was organized to cover the commonalities and differences found between the mechanisms involved in adaptation of both plant and animal bacterial pathogens to the plant host, and those animal pathogens use to differentially adapt to animal and plant hosts (Fig. 4) . This provided us with an interesting and rather unique opportunity to integrate a discussion between plant and animal microbiologists. The fifth and last session of the meeting focused around the adaptation to the plant environment of non-pathogenic bacteria. Insights on the mechanisms involved in the adaptation and Figure 4 . Selected adaptive mechanisms used by animal and plant pathogens as well as plant-associated bacteria to survive within their hosts. These mechanisms include secretion and delivery of effectors which interfere with host immune signaling. Bacterial sensors can be activated in response to different environmental cues such as pH or nutrients, to modulate expression of their regulons, leading to gene expression reprogramming and favoring bacterial adaptation. Dedicated bacterial enzymes can be used (i) to metabolize nutrients and (ii) to modify the host microenvironment, both reactions conferring to the pathogen an advantage over the competing microbiota. Biofilm formation and cell aggregation may also play a role in the adaptation to the plant environment and allow an increased protection against stresses. Bacterial competition involves the release of antagonistic molecules, peptides and proteins or the direct delivery of toxins.
interaction with the host or other microorganisms of these beneficial bacteria were presented in this session and were discussed in the context of the previous sessions in which the mechanisms used by their pathogenic counterparts were presented. Session 4: Adaptation to the plant environment of phytopathogenic bacteria and animal pathogens Opening session 4, Adam Schikora (Institute for Epidemiology and Pathogen Diagnostics, JKI Braunschweig, Germany) provided us with the opportunity to compare the molecular determinants required for Salmonella to adapt to a plant host with those required for its adaptation to the animal host. 34 Both types of hosts detect Salmonella upon contact, by perceiving flagellin. However, those different hosts perceive distinct domains of flagellin that leads to the activation of basal defenses in both cases. Salmonella requires 2 T3SSs that are necessary for colonisation of and proliferation within plant and animal hosts, however, the role of the individual effector proteins translocated by either system varies depending on the host system. Several effectors translocated by the T3SS encoded by the SPI-2 locus and required for intracellular replication within macrophages, were shown to suppress the plant responses triggered upon recognition of flagellin, whereas one effector translocated by both T3SS was shown to act on MAPK-mediated signaling cascades to suppress plant immunity (Fig. 4) . 35 St ephane Genin (Laboratoire des Interactions Plantes-Microorganismes, Castanet-Tolosan, France) presented an evolution experiment in which the phenotypic and genotypic changes happening to the broad-host range quarantine plant pathogenic bacterium Ralstonia solanacearum during its adaptation to tolerant, resistant or susceptible plant hosts, was followed for 350 generations. New isolates were then tested in challenge experiments against the ancestor in different hosts. The results showed that evolution within the hostile environment of a resistant host triggers the acquisition of mutations leading to more competitive, better adapted isolates. 36 Sequencing and analysis of the genetic changes associated with the adaptation process provided new information about the genetic determinants involved, and allowed the identification of conserved mutations appearing independently several times in the experiment. 36 Carmen Beuz on (IHSM, University of Malaga-CSIC, Spain) presented 2 very different strategies by which the model plant pathogenic bacterium Pseudomonas syringae avoids plant defenses: a stealth strategy, and an active mechanism. In the first case, part of the bacterial population hide themselves from the plant host thanks to a bistable switch that allows them to differentially activate important virulence determinants. These stealthy bacteria are presumably carried along within the plant by their more aggressive counterparts and may adapt better to other environments during different stages of their lifecycle. This strategy is very similar to those employed by animal pathogens such as Salmonella to survive and proliferate within animal hosts, and to those involved in the generation of antibiotic persisters. Active suppression involves a more direct mechanism by which the pathogen uses a T3SS-translocated effector to modify a plant protein involved in activating all levels of defense. Modification by the effector renders the plant target less efficient thus lowering its defenses. Finally, the session was closed by Eloy Caballo, a young researcher from Cayo Ramos' laboratory (IHSM, University of Malaga-CSIC, Spain), who presented a genomic analysis aimed to identify specific genome regions involved in adapting to woody hosts. One of the chromosomal loci they identified is involved in the modification of lignin-related compounds and its mutation causes a decreased virulence toward woody but not herbaceous host models.
Session 5: Adaptation to the plant environment of plant-associated bacteria
Session five set off with a presentation from Marta Mart ın (Depto. Biolog ıa, Universidad Aut onoma de Madrid, Spain) on the molecular mechanisms involved in the adaptation of non-pathogenic bacteria to the plant root system. Adaptation experiments led them to identify stable genetic variants with faster motility, capable of outcompeting their ancestor. This genetic diversification is achieved by the activity of site-specific recombinases that results in an increased rate of phase variation of different traits. Their study provides evidence on the relationship between motility and colonization ability, and on the quantitative multigenic nature of bacterial motility. Then, Robert Jackson (School of Biological Science, University of Reading, UK) described the evolutionary changes that occur in the plant-associated bacterium Pseudomonas fluorescens when subjected to nutrient stress and carrying a motility defect. These genetic changes affect the regulatory pathway involved in controlling Nitrogen assimilation in bacteria and led to a change in regulator specificity that results in the re-activation of the flagellar system through an unorthodox signaling cascade. 37 Robert's results provided evidence of how regulatory circuits can be exploited during the adaptation process by accumulating genetic changes leading to their rewiring. 37 Mateo San Jos e, an early career researcher from his team presented his research on the pathogenic bacterium P. viridiflava, and particularly on the identification of a novel genetic locus with hallmarks of a new quorum sensing system that is essential for virulence in plants. The session closed with a short talk by another young researcher, Tanya Arseneault (School of Biological Sciences, University of Reading, UK), who presented past work (University of Moncton, Canada) on P. fluorescens as a biocontrol agent against the potato pathogen Streptomyces scabies and the link between the production of a toxin with antibiotic properties and biocontrol capacity, within the controlled laboratory conditions against the more complex adaptation process that takes place in field conditions. 38 
Concluding remarks
The talks, discussions and poster presentations of the workshop emphasized how bacteria adapt to the different conditions they encounter during their life cycle to grow, colonize specific niches and circumvent the attacks of predators or the defenses of hosts to be efficient pathogens. Although bacteria use a broad repertoire of regulatory mechanisms and virulence factors, it is now clear that the efficiency of the infection process does not only involve secretion of toxins but rather is dependent on the adaptation of bacteria to their environment, on the communication between individuals as well as on the outcome of competition behaviors between bacterial species in the same niche. Variations in environmental conditions lead the pathogen to activate multiple sensors, modulating gene expression and allowing bacteria to quickly adjust their metabolism, re-program their defenses and the arsenal of secretion systems and effector proteins. The workshop stressed a number of mechanisms that are critical for the infection process and that have been underestimated, including bacterial competition and the heterogeneity of the bacterial population. A species, in its environment, should not be considered as a community of identical bacteria, but rather as a multitude of individuals with specific properties and behaviors. This heterogeneity, which results from diverse expression programs based on bistability and phase variation within the population evolved from the same progeny, is a pre-adaptive state that allows the selection of the most effective individuals for the infection process. All these notions were broadly discussed during the workshop and emphasized how bacteria, although considered as 'simple organisms', have developed smart mechanisms to survive within the environment.
The workshop was held in Baeza in the province of Ja en in Spain, a city surrounded by olive groves, a beautiful environment in which the participants adapted quickly! The workshop organization included a visit of the city, and the participants discovered the impressive Renaissance buildings and history, particularly the Palacio del Jabalquinto, the Cathedral, and the Ancient University of Baeza where taught the great Spanish poet Antonio Machado.
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